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ABSTRACT

Effects of continuous zinc Continuous-flow toxicity tests were conducted to determine the relative tolerances of newly
dmon during aduh-to-smoh hatched alevins, swim-up alevins, parr. and smolts of chinook salmon (Oncorhynchus tshnwytscha)
:. Trans. Am. Fish. Soc. and steelhead (Salrno gairdneri) to cadmium, copper, and zinc. Newly hatched alevins were much

more tolerant- to cadmium and, to a lesser extent, to zinc than were later juvenile forms. However,
of cadmium, copper, and the later progression from swim-up alevin, through parr. to smolt was accompanied by a slight

xges of chinook salmon and increase in metal tolerance. The 96-h LC50 values for all four life stages ranged from 1.0 to >27
Fish. Soc. 107:841-847. ,ug Cd/liter, 17 to 38 gg Cu/liter, and 93 to 815 /xg Zn/liter. Steelhead were consistently more

o~. 1977. Copper toxicity: sensitive to these metals than were chinook salmon. When a sensitive life stage for acute toxicity
~es 132-151 in R. A. Tubb. tests with metals is sought, the more resistant newly hatched alevins should be avoided. Although
in fish toxicology--a sym- tolerance may increase with age, all later juvenile life stages are more sensitive and should give
.~r. EPA-600/3-77-085. U.S. similar results.
, Corvallis, Oreg.
FOR TOXICITY TESTS WITH

1975. Methods for acute
~, macroinvertebrates, and
¯ s. Ser. EPA-550/2-75-009. Juvenile anadromous salmonids reside inalevins, swim-ups, parr, and smolts, re-Agency, Corvallis. Oreg.

fresh water for up to 2 yr prior to their mi-spectively.
.~it analysis, 3rd ed. Cam- g-ration to the sea, and during their fresh-Eyed eggs of chinook salmon and stee!-

water residency pass through several phys-head were obtained from hatcheries of thenD C. HouolE. 1976. Num-
verity of coronary arterial iologically and morphologically distinctOregon Fish Commission and the Oregon
Pacific salmon (Oncorhyn- stages. The relative resistance of each ofState Wildlife Commission. All eggs were
!. 86:37--43. these stages to any potential pollutant is andipped 5 to 15 min in disinfectant solutions
5. C. WEXLER. 1960. His-
’e organs and tissues of mi- important consideration in evaluation and(Wescodyne or Betadyne)~ of 1:150 to 1:600
Pacific salmon Igenus On- application of toxicity data. Most acute tox-dilution, adjusted to pH 7, prior to being

rinol. 66:222-239. icity tests with salmonids are conducted onbrought into the laboratory. Eggs and ale-
,~aterquality: Western Fish parr stage juveniles, primarily because ofvins were held in vertical-flow incubators;d Western Oregon Rivers.
500,’3-76-077, U.S. Environ. their general availability and convenientwhen the alevins reached the swim-up stage
Minn. 56 pp. size. Only a few acute toxicity tests havethey were transferred to troughs and sub-
E~NWIRONMENTAL PROTEC- been reported with embryos, alevins, orsequently to larger tanks. All swim-up and
Methods of chemical anal-

¯ stes. U.S. Environ. Prot. smohs, although chronic tests usually in-older fish were fed commercial salmon or
hnology Transfer, Washing- clude most of these stages, trout food (usually Oregon Moist), but the

This study was conducted to determinetest fish were not fed for 48 h prior to or
the relative toxicities of cadmium, copper,during tests, nor for 48 h prior to any ban-
and zinc to various juvenile stages of chi-dling of the fish.
nook salmon (Oncorhynchus tshawytscha) The laboratory water was supplied by
and steelhead (Salmo gairdneri), we!ls on the banks of the nearby Willamette

River. Except for lower concentrations of
METHODS suspended solids, organic carbon, iron, and

There is no standard terminology for themanganese, the well water quality was usu-
various salmonid life stages, although sev-ally similar to that of the river (Table 1).
era!have been proposed (Hubbs 1943; Balon~ncreases of two- to fivefold in well-water
1975; Snyder 1976). The life stage terminol-dissolved solids, alkalinity, and hardness
ogy used here is essentially that used byoccur sporadically during winter months
Norman (1947). The life stages that were(Samuelson 1976). Whenever these peaks
compared in the following series of toxicityoccurred, normal water quality was main-
tests were newly hatched alevins, swim-up
alevins, 5- to 8-mo-old parr, and smolts. For     ’ Mention of product does not constitme endorse-
brevity these life stages will be identified as merit by the U.S. Environmental Protection Agenc¥~
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842 TRANS. AM. FISH. SOC., VOL. 107, NO. 6, 1978 CHAPlVlA~

TABL~ 1.--Mean water quality characteristics (mglliter) of Willamette River water attd well water, based on TABLE 2.--Fish number and fi
weekly samples anal)=ed at the Environmental Resdarch Laborators. Corvallis.

Water quality Willamette Blend: WFTS well
character River WFTS well" WFTS wellb + R.O. Productr Species Stage

Alkalinity 23 24 63 22 Steelhead Alevina 2C
Ammonia 0.06 0.04 0.06 0.02 Steelhead Swim-upa’ 2("
Cadmium <0.001 <0.001 <0.001 <0.001 Steelhead Pant
.Calcium 5.5 6.8 21.3 6.1 Steelhead Smoht
Chloride 4 6 11.3 6 Chinook salmon Alevin¢f

"-Chromium <0.002 <0.002 <0.1301 <0.002 Chinook salmon Swim-upa 20
Cobalt <0.001 <0.002 0.002 <0.001 Chinook salmon Parra 2C

¯ Copper 0.003 0.003 0.003 0.002 Chinook salmon Smoltt
Dissolved solids 52 59 130 53
Hardness 22 25 67 24 " Number of fish per aquarium az

¯ Iron 0.736 0.098 0.050 0.036 ~’ Weight x lO0/length~.

Lead 0.0(13 0.004 0.003 0.006 � Fish weight without ~olMfish we
- Magnesium 2.1 1.8 4.8 1.8 a Test conducted in well water:re
" Manganese 0.031 0.004 0.002 0.002 ¯ Weight without yolk.

Mercury 0.001 0.001 <0.001 0.001 r Light:dark photoperiod.
Niclde 0.002 0.002 0.002 0.002
Nitrate 0.150 0.190 0.578 0.180
Organic carbon 3.4 1.3 No data 1.4
Potassium 0.08 0.6 0.8 0.4 conditions to acclimate
Sodium 4.1 S.0 7.0 4.4 handling before the toxit
Sulfate 6.6 4.2 17.3 5.8
Suspended solids 15 1.5 LS <1.0 gun. Tests with alevins

¯ Zanc 0.0o9 0.00~ 0.003 0.004 same day fish were place
¯ Values exclude winter periods of higher hardness and alkalinity. Fish in the length-weigh
b Values during winter periods of higher hardness and alkalinity, mediately killed in a str,
~ a.o .......se osmosis, esthetic (ethyl m-aminot

sulfonate), blotted, meast
Alevins and swim-up ale,

rained in the test aquaria by mixing ambientdiluter provided six metal concentrations, their yolks were excised.
well water with the appropriate amount ofincluding the control, and the flow for each reweighed. Len~h, weigt
reverse osmosis-treated well water. Uniformconcentration was split equally between du- are summarized in Table
water quality was necessary since signifi-plicate aquaria. Fifty percent replacement Twenty fish per dupli~
cant variation would affect metal toxicitytimes for the large and small aquaria were the stocking density for
and negate comparisons among tests con-32 rain and 20 min, respectively, as calcu- vins, swim-ups, and parr.
ducted in waters of significantly differinglated from Sprag-ue (1969). rium was the stocking d~
quality. Each test system was shrouded to control tests. Smolt tests were

Water for all tests was pretreated by ul-light and minimize disturbance. Photoperi- rently on both species ir
traviolet sterilization, aerated by jetting andod was adjusted semimonthly to correspond although only one set
spraying, and maintained at a constant tern-with the existing local day length. In some received steelhead smo
perature. Nominal water temperature for alltoxicity tests, 30 min dawn and dusk twi- with cadmium, copper,
tests was !2 C and fish were held withinlight periods were provided by two 20-watt ducted concurrently for
+--2 C of this temperature for at least 3 wkincandescent lamps powered through a too- Loading factors range
before transfer to test aquaria, tor-driven rheostat. In other toxicity tests ~llter of aquarium volurr

Smolt tests were conducted in 100-literdim twilight illumination was maintained 0.47 ~liter/day based or
glass aquaria with a water volume of aboutthroughout the test to facilitate mortality loading factors were wi
70 liters. 3_11 other tests were conducted inchecks during the night. In both cases, day- limits for flow-through t
19-liter glass aquaria with a water volumetime illumination was supplied by two 40- mittee on Methods for
of about 14 liters. All aquaria were dosed bywatt fluorescent tubes, and light intensity at Aquatic Organisms 1975
diluters; the larger aquaria were served bythe water surface was about 500 lux. Tests were started by
serial diluters, similar to that described byPrior to each test, equal numbers of fish concentrations in the aq
Warner (1964), which delivered 3 liters/mirdwere distributed among 37 groups, the 36 the rates determined by
concentration. The smaller aquaria weretest aquaria and a singlelength-weight sam- ment times; nominal c,
supplied by 2 liters/concentration/cycleple, in a stratified random manner. After approached in about 2 !
proportional diluters similar to that de-being placed in the aquaria, all fish except fish were made three tit
scribed by Mount and Brungs (1967). Eachalevins were allowed 1 wk under control first 96 h and at least da
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CHAPMAN--TOXICITY OF METALS TO JUVENILE SALMONIDS 843

~l well water, based on TABLE 2.--Fish number and fi~h size data for each set of toxicity tests with the indicated species and stage.

Wet weight Fork length Condition Developmental
Blend: WFTS well (g) (cm) factor~ indexc

+ R.O. Producte Spe.eies Stage N" mean SD mean SD mean SD mean SD

22 Steelhead Alevina 20
0.02 Steel.head Swim-up~ 20 0.17 0.02 0.93 0.03

<0.001 Steethead Par~ 20 6.96 2.27 8.6 0.9 1.06 0.06
6.1 Steelhead Smoltf 10 68.19 15.52 18.8 1.5 1.01 0.07
6 Chinook salmon Alevin~t 20 0.05 0.01 0.19 0.03

<0.002 Chinook salmon Swim-upa 20 0.23 0.0! 0.68 0.06
<0.001 Chinook salmon Parrn 20 11.58 3.91 9.6 1.1 1.27 0.06

0.002 Chinook salmon Smoltt 10 32.46 25.34 14.4 3.3 0.94 0.10

24 ¯ Number of fish per aquarium and in the length-weight sample.
0.036 b Weight × 100/lengthL
0.006 e Fish weight without yolk/fish weight including yolk.

1.8 a Test conducted in well water:reverse osmosis blend.
0.002 " Weight without yolk.
0.001 f Light:dark photoperind.
0.002
0.180
1.4
0.4 conditions to acclimate and recover fromfish were removed when observed. Absence
4.4 handling before the toxicity tests were be-of ventilation, loss of irritability, and ab-
5.8

<1.0 gun. Tests with alevins were started thesence of muscular tremors were criteria of
0.0o~ same day fish were placed into the aquaria,death.

Fish in the length-weight sample were im- Calculations of LC10 and LCS0 values
mediately killed in a strong solution of an-(concentrations killing 10% and 50% of the
esthetic (ethyl m-aminobenzoate methane-test fish, respectively) were made for 96-
sulfonate), blotted, measured, and weighed,and 200-h exposure periods and at the ter-
Alevins and swim-up alevins were weighed,mination of each test (186--390 h). All LC10

etal concentrations, their yolks were excised, and the fish wereand LCS0 values were obtained from a com-
.nd the flow for each reweighed. Length, weight, and related dataputer program which linearly regressed per-
equally between du- are summarized in Table 2. cent mortalities (expressed as log-its) against

percent replacement Twenty fish per duplicate aquarium wasthe logs of the mean metal concentration.
t small aquaria were the stocking density for all tests with ale- Samples for the determination of metal
spectively, as calcu- vins, swim-ups, and parr. Ten fishper aqua-concentrations were taken daily from at
.69). rium was the stocking density for the smoltleast one aquarium containing each metal
s shrouded to control tests. Smolt tests were conducted concur-concentration. Samples for heavy metal
:urbance. Photoperi- rently on both species in common aquaria,analysis were taken in acid-washed, sam-
aonth.ly to correspond although only one set of duplicate aquaria’ pie-rinsed containers, and the samples were
day length. In some received steelhead smolts. Toxicity testsroutinely acidified by the addition of one vol-
dawn and dusk twi- with cadmium, copper, and zinc were con-ume percent of concentrated nitric acid.
vided by two 20-watt ducted concurrently for each life stage. Metal levels were measured by atomic ab-
,wered through a mo- Loading factors ranged from 0.2 to 14.4sorption spectrophotometry; flame was used
~ other toxicity tests g/llter of aquarium volume and from 0.01 tofor zinc and graphite furnace for cadmium
~ion was maintained 0.47 g/liter/day based on flow rates. Theseand copper. Except for cadmium concentra-
o facilitate mortality loading factors were within recommendedtions greater than 6/xg/liter, absorption was
~t. In both cases, day- limits for flow-through toxicity tests (Com-linear within the working range. Analytical
supplied by two 40- mittee on Methods for Toxicity Tests withprecision was ±3/xgiliter for zinc, ±0.5

, and light intensity at Aquatic Organisms 1975). liter for copper, ±0.1 /~g/liter for cadmium
about 500 lux. Tests were started by allowing the metalconcentrations below 6 /xgiliter, and ±0.4

equal numbers of fish concentrations in the aquaria to increase at/xg/liter for cadmium concentrations be-
ng 37 groups, the 36 the rates determined by the volume replace-tween 6 and 40/xg/liter. In addition, diluter
he length-weight sam- ment times; nominal concentrations werefunction, diluter cycle count, and stock so-
zndom manner. After approached in about 2 h. Checks for deadlution use rate were checked daily. Stock
.quaria, all fish except fish were made three times per day for thesolutions were prepared from reagent grade
I 1 wk under control first 96 h and at least daily thereafter; deadchloride salts of the metals and were acidi-
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84.4. TRANS. AM. FISH. SOC., VOL. 107, NO. 6. 1978 CHAPMA

TABLE 3.---Calculated 96-h and 200-h LC50 values, 200-h LC10 values, and in parentheses, 95~ confidence TABLE 5.uRelative sensitivit?
limils (gg]liter), for various stages of steelhead and chinook salmon exposed to cadmium, copper, or zinc. included rainbow trout (or s

Steelhead Chinook salmon

lend LC             Alevin        Swim-up        Parr          Smoh          .~devin      Swirn-up        Parr          Stool(
Species

Cadmium
96-h LCS0 >27 1.3 (1.2-1.4) L0 (0.8-L1) >2.9 (>2.3) >26 1.8 (1.7-2.0) 3.5 (2.8-5.6) >2.9 Atlantic salmon (Salmo

200-h LC,50 >2-/* 1.3 (1.2-1.4.) 0.9 (0.8-1.0) 1.6 (~ values) >26 1.6 (L4-1..9) 2.0 fl.8--2.2) 2.3 �2.0-2.8) Rainbow trout t~Mmo gairdnerl)
200-b. LC10 >6" 1.0 (0,9-1.1) 0.7 (0.6-0.8) 0.8 (<1.3) 18-26 1.2 (0,9-1.4) 1,3 (1.0-1.5~ 1.5 (1.0-1.8) Brown trout (SMmo

Cutthroat trout (Salmo clarkl)Copper Brook trout (Salvelinu.sfominalisl
96-h LC50 28 (27-3~) ?,7 (15-19) 18 ~13-22"1 29 ~> 20) 26 (24-33) 19 (lg-.21) 38 (35-44) 26 IZ%.35) Chinook salmon {Oncorh)~chu-s

200-h LC.50 26 (24-29)" 17 (15-19) 15 ~11-17) 21 la11 values) 201’18-24) 19 (17-20) 30 {25-39) 26 t23-36) Sockeye salmon (Oncorhvnchus ne200-h LC10 19 (16-22p 9 (6-11) 8 (3-11) 7 (<13) 1S (11-17) 1~, (12-15) 17 (10-21) 18 (12-22) "

Zinc " Herbert and Wakeford 1964.
96-h LC,50 815 (641-1,074) 93 (78-107) 136 (107-173) >6,51 >661 97 (84-108) 463 (4126-631) 701 �429-34.,451) ~ Nehring and Goetfl !974.

2OlNh LC..50 555 (44g-692), 93 (’/8-107) 120 (102-161) 278 (10g-2.’/52) >661 9"/186-108) 395 (350-448) 304. 1255-599) e This paper and Chapman 1971~
200-h LC10 256 (154-336)" 54 (36-67) 61 � 43-76) 84. (0-168) 366.-66! 68 (51-79) 268 (206-309) 170 ¢48-248)
¯186-h test duration.

was the case with cadm
also the life stage most

fled by the addition of 0.1 ml of concentrat-variation, There wereno significant differ- In addition to the obv
ed nitric acid per liter of stock solution,ences in hardness, alkalinity, or dissolved evins to cadmium and

Dissolved oxygen, pH, total alkalinity,oxygen among various tests or among aquar- patterns appeared in
and total hardness were determined daily onia within a Wen test; the means of all test salmon were slightly bu
samples from a control aquarium and atmeans (mgfliter ___ SD) were 23 ± i, 22 ± 2, metal tolerant than steel
least one metal-receiving aquarium -fromand 10.2 ± 0.3, respectively. Median values a general increase in
each diluter by methods recommended byfor pH were generally 7.1, with higher val- developed through the
the American Public Health Association etues (7.3 to 7,5) obtained in the steelhead smoh stages. To analy
al. (1971) and the U.S. Environmental Pro-parr, and chinook salmon alevin and swim- patterns within the da~
tection Agency (1974). These determina-up tests. In any given toxicity test the pH values were converted t~
tions were made at least once a week forwas usually constant among aquaria, al- to three-way analysis of
each metal concentration. Water temper-though occasional deviations of 0.1 pH unit For this comparison
ature was recorded continuously duringwere seen. With the possible exception of omitted because of the,
all toxicity tests except those with smoltsthe pH differences, water quality probably alevins to cadmium and
where morning and evening thermometerhad no effect on the life stage and species Each of the three prir
readings were taken, comparisons, als, species, and life sta

Mean water temperatures ranged from contributors to the obs~
RESULTS AND DISCUSSION 11.6 to 12.8 C (mean of means, 12.2 --- 0.4. 0.05). The most importa

Water quality was relatively uniformSD) among the various tests, and tempera- (sons is that between :
throughout the series of tests; adding metaltures were usua!ly very stable (±1 C) in ports the observation th
stock solutions to the aquaria caused littleeach test. Mean metal concentrations in more tolerant than the

control aquaria were low: cadmium, <0.2 at(on among metals
/xg/liter; copper, <1 txg/liter; zinc, <3 /.t@ quires no discussion.

TABLE ~.--Results of three-way analysis of varianceliter. Mortality of control fish ranged from ation among life stag
of2OO-h LC~O data. 0 to 3% and averaged 1%. Measured metal nonlinear components

Source of variation df Mean squ,~e F" concentrations averaged 98% of nominal ear aspect (describing t
(SD, ±10%). for metal tolerance to inMetals 2 34.61 2.472" Alevins of both species were more resist- significant, but that noSpecies 1 0.847

IAfestages 2 0.519 37.1" ant tO cadmium than were the other life isted. The linear effe~
tLinea.r) 1 1.036 74.0" stages (Table 3), but there appeared to be tested by arbitrarily
(Nonlinear) ! 0.002 13.14.3

Species x llfe stages 2 0.249 17.8" little effect of life stage on susceptibility to stages as equally space
Metals x llfe stages 4 0.180 12.9" copper, apparent increase inError 6 0.014

¢,~etala × s~ecies) ~ 0.0n The series of zinc toxicity tests showed swim-up to smolt may
~Me~als × species ~ 0.mS the greatest variation among life stages, al- suggested by AndersorX llfe stage) though no single difference was as marked or it may reflect some
¯ Asterisks denote significance at P < 0.05. as the resistance of alevins to cadmium. As related to size or age.
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~arentheses, 95% confidence T^BLI~ 5.wRelative sensitivity to zinc of eight salmonid species based on comparatiue acute toxicity tests whichdmium, copper, or zinc.
included rainbow trout (or steelhead).

hinook sMraon
LC50 values (rag/liter)

Ps.,-r Smolt Relative
Species zinc tolerance 4-8-h * 96-hn 96-hc

3.5 (2.8--5.61 >2.9 Atlantic salmon (Salmo solar) 0.6 3.0
2.0 (1.0-2.2) 2.3 {2.0-2.8) Rainbow trout ~Salmo gairdneri} L0 S.0 0.41 0.141.3 (1.0-l.5) 1.5 (1.0-1.8) Brown trout (Salmo trutta) 1.5 0.64

Cutthroat trout (Salmo clarki) 1.6 0.67
Brook trout (Salvelinua fontinalis) 2.3 0.9638 ~35--44) 26 �23-.35) Chinook sMmon (Oncorhynchus tshaur)’tscha) 3.3 0.46

17 (10-21) 18 (12-22) Sockeye salmon (Oncorhynchus nerka) 5.4 0.75

= Herbert and Wakeford 1964.
463 H06-531) 701 (429-34,451) ~’ Nehring and Goettl 1974.
395 (350-448~ 364 {~5.~-699) c This paper and Ch.apm~tt 1978.
268 (206-309) 170 t48-2~8)

was the case with cadmium, the alevin wasThere were significant differences be-
also the life stage most resistant to zinc. tween species and among metals with re-~ no sig-nificant differ- In addition to the obvious tolerance of a!-spect to effect of life stage on metal toler-lkalinity, or dissolved evins to cadmium and zinc. several otheronce. The species × life-stage interaction

tests or among aquar- patterns appeared in the data. Chinookappears to reflect the greater dependence of
: the means of all test salmon were slightly but consistently moremetal tolerance on life stage in chinook
~ were 23 ± 1, 22 ± 2, metal tolerant than steelhead, and there wassalmon than in steelhead. The metal × life-~’tively. Median values a general increase in tolerance as the fishstage interaction is a reflection of the little¯ 7.1, with higher val- developed through the swim-up, parr, andvariation among life stages with copper as
’ned in the steelhead smolt stages. To analyze statistically thecompared to cadmium and zinc..’non alevin and swim- patterns within the data. the 200-h LCS0Based on the results of these toxicity~ toxicity test the pH values were converted to logs and subjectedtests, the investigator wishing to use a sen-among aquaria, al- to three-way analysis of variance (Table 4).sitive test fish should avoid using newlyiations of 0.1 pH unit For this comparison all alevin data werehatched alevins in metal toxicity tests. All
possible exception of omitted because of the obvious tolerance oflater life stages will give generally similarater quality probably alevins to cadmium and zinc. results, although the smaller, younger formsife stage and species Each of the three primary variables (met-appear to be more sensitive. Of course, ex-

als, species, and life stages) were significanttrapolation of these conclusions to otherratures ranged from contributors to the observed variation (P <metals is tenuous, and application to other
.ff means, 12.2 ± 0.4 0.05). The most important of these compar-classes of pollutants is unwarranted.s tests, and tempera- isons is that between species, which sup-Although no single study has compared,ry stable (-+1 C) in ports the observation that the chinook weremetal toxicity among a large number of sal-al concentrations in more tolerant than the steelhead. The vari-monid species, enough several-species corn-tow: cadmium, <0.2 ation among metals was expected and re-parisons of juvenile salmonids have been~,/Liter; zinc, <3 /zg/ quires no discussion. The separation of earl-published to allow tentative ranking of arol fish ranged from ation among life stages into linear andnumber of species based on acute toxicity!%. Measured metal nonlinear components showed that the lin-tests with zinc (Table 5). Rainbow trouted 98% of nominal ear aspect (describing the general tendencywere reported to be more sensitive than

for metal tolerance to increase with age) wasbrown trout or cutthroat trout, and all three
ies were more resist- significant, but that no nordinear pattern ex-of these were more sensitive than the brookwere the other life isted. The linear effect of life stage wastrout (Nehring and Goettl 1974). Steelheadhere appeared to be tested by arbitrarily treating successiveappeared to be more sensitive than chinook-~ on susceptibility to stages as equally spaced age variables. Thesalmon (this paper) or sockeye salmon

apparent increase in metal tolerance from(Chapman 1978, this issue). Perhaps theoxicity tests showed swim-up to smolt may be a size effect asmost interesting aspect of these compari-mong life stages, a!- suggested by Anderson and Weber (1975),sons is the ~ouping of the three genera.ence was as marked or it may reflect some other factor closelyThus, species of Salmo may be more sen-vins to cadmium. As related to size or age. sitive than brook trout (Salvelinus), while
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er blowdown. Am. Inst,Pacific salmon (Oncorhynchus) seem thewater was between 36 and 71 ~#liter. A 69:284-292.
most tolerant. Among Salmo species, thesimilar estimate can be obtained from the HERBERT. D. W. M., AND A
most sensitive may be the Atlantic salmon200-h LC10 values of 54, 61, and 84 p.~liter The susceptibility of salm
(Herbert and Wakeford 1964). Althoughfor steelhead swim-ups, parr, and smolts, derestuarineconditions.

~:ater Pollut. 8:251-256.these comparisons may be strongly influ-respectively. HUBBS, C. L. 1943. Termin,
eneed by several factors including size,The estimated safe levels for cadmium fishes. Copeia 194314):260
water temperature, and the specific strains(0.4/xg/liter) and copper (0.! x 96-h LC50) MOUNT, D. I.. Arid W. A. BR~’

dosing apparatus for fish t,of each species tested, Atlantic salmon andfrom Water Quality Criteria 1972 (National tles. 1:21-29.
rainbow trout (or steelhead) may be the sal-Academy of Sciences and National Acade- NATIONAL ACADEMY OF
monids most sensitive to zinc and perhapsmy of Engineering 1973) are reasonably ACADEMY OF’ EN~INEF-RIN
to other metals, close to the 200-h LC10 values obtained in criteria 1972. A report of

quality criteria, environm~Regardless of the species or life stagethese tests. Go,. Print. Off., Washing
used in toxicity tests, acute mortality dataWhile the comparative aspects of this N~HRING, B. R., AND J. P. Go
are seldom used directly for estimating safestudy may not be influenced by water chem- icity of a zinc-polluted st

salmonids. Bull. Envir,levels of chemicals in natural water becauseistry, the metal concentration-mortality re- 12:464-469.
chronic toxic effects usually occur at levelslationships are applicable only to situations NORMAN, J. R. 3,947. A histo
well below those which are acutely lethal,in which water chemistry is similar to that A. Wyn, New York. 463 r
However, acute mortality data from metalsof this study. The dilution water used in 1%~, F. W., ~ND C. W. SAm

ical productivity of the
are often utilized in estimating safe levels inthese toxicity tests was typical of many Pa- related to water quality.
fresh water; in these instances the 96-hcific coast streams with respect to dissolved A-024-Ida. Water Resour.
LC50 values are multiplied by a fractionalinorganics (Samuelson !976), although higher Moscow. 16 pp.
application factor. The report Water Qualitylevels of metal-binding organic matter and
Criteria 1972 (National Academy of Sci-suspended solids probably occur at least
enees and National Academy of Engineeringperiodically in these streams.
1973) recommends that safe levels of copper
and zinc be estimated by multiplying the ACKNOWLEDGMENTS
96-h LC50 of sensitive species by the appli-The assistance of chemists Joel MeCrady
cation factors 0.1 and 0.01, respectively,and Donald Samuelson, biologist Janet
Application factors, based on data fromWold, and student aides Robert Claypool
combined acute and chronic toxicity stud-and Mike McCarthy is gratefully acknowl-
ies, are thus used to estimate safe levelsedged. Donald Pierce, Oregon State Uni-
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